ABSTRACT. Glutaredoxin 1 (Grx1) has been found to be an important endogenous antioxidant enzyme closely related to the pathogenesis of diabetes and cardiovascular diseases caused by oxidative stress. In this study, the functional changes of the Grx1 redox system in blood of hyperglycemic patients were examined. Furthermore, using a rat model of streptozotocin (STZ)-and high-fat-diet-induced type 2 diabetes, we explored the correlation between functional changes of the Grx1 redox system in the left ventricular tissue and blood of the diabetic rats. Moreover, we studied the protective effect of Grx1 against cardiac toxicity caused by the high-glucose-induced expression of cardiac matrix metalloproteinases (MMPs) in primary cultured cardiac fibroblasts. Finally, we investigated the protective effects and signaling regulatory mechanism of Grx1 against diabetic cardiomyopathy (DCM) in terms of oxidative stress and NF-kB-mediated fibrosis-associated signaling pathways. In the serum of hyperglycemic patients, Grx1 levels were elevated, total/protein thiol or sulfhydryl (Total-SH/P-SH) levels were decreased, glutathione was downregulated, and oxidized glutathione was upregulated. In addition, in the left ventricular myocardium and blood of the diabetic rats, Grx1 levels were significantly increased and glutathione reductase and P-SH levels were decreased. Moreover, endogenous Grx1 was highly expressed in cardiac fibroblasts during high-glucose treatment, and exogenous Grx1 can prevent DCM by controlling oxidative damage and MMP expression. These findings are suggestive of changes in the Grx1 redox system, and Grx1-regulated protein oxidative modifications may serve as molecular markers for diabetes caused by high-glucose-induced oxidative stress.
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INTRODUCTION
Diabetes is a serious disease that significantly worsens quality of life. The fundamental harm associated with diabetes lies in its various complications that can affect all major body organs, especially the cardiovascular system. Epidemiological and clinical data show that diabetes can significantly increase the probability of cardiac dysfunction. Diabetic cardiomyopathy (DCM) is a common chronic complication of diabetes. The main pathological manifestations of DCM include cardiac hypertrophy, increased ventricular weight/body weight ratio (cardiac mass index), focal myocardial necrosis, extracellular matrix (ECM) deposition, and diabetic myocardial fibrosis (DMF), which all severely endanger the patient's health. Thus, it is important to understand the pathogenesis of DCM and to explore new methods of prevention and treatment. DCM involves a complex pathological process, and its pathogenesis has not yet been fully elucidated. However, it is known that lipid disorders, insulin resistance, oxidative stress, chronic inflammation, apoptosis, microvascular disease, and DMF all play a role in the onset and development of DCM (Marine et al., 2013; Miki et al., 2013) .
The clinical characteristic of diabetes is hyperglycemia. High blood glucose is a key initiating factor of DCM. As an independent risk factor, hyperglycemia can directly damage the myocardium, while the pathophysiological changes such as myocardial oxidative stress, inflammation, and fibrosis, on the basis of hyperglycemia, promote the progression of DCM. Studies have shown that reactive oxygen species (ROS) are involved in the pathogenesis of DCM, and the presence of oxidative stress markers has been detected in the blood and myocardium of the patients. Oxidative stress and apoptosis of cardiomyocytes are molecular events of the early stage of DCM. Because of oxidative stress, myocardial structures change, and myocardial cells undergo apoptosis and are lost and replaced by collagen fibers. The surviving myocardium cannot compensate for these losses effectively, and therefore heart failure ensues, which is a significant factor in cardiac dysfunction at the late stages of DCM.
High-glucose-induced oxidative stress is a key pathological factor that induces DMF (Aragno et al., 2008) . The most common and serious complication of diabetes is excessive accumulation of connective tissue (pathological fibrosis) (Ernande and Derumeaux, 2012; Li et al., 2012) . DMF occurs mainly at the late stage of DCM, whereas the symptoms of the early stage of DCM mainly include myocardial dysfunction and cardiac hypertrophy (Jellis et al., 2011) . One factor that plays a central role in DCM is myocardial interstitial fibrosis. Excessive collagen deposition causes increased stiffness of the ventricular wall and reduced ventricular compliance, resulting in the systolic and diastolic dysfunction of the ventricle. Fortunately, active interventions can effectively slow the progression of DCM, postpone the onset of DMF, and reduce the morbidity and mortality of diabetic cardiovascular diseases. The exact molecular mechanism that triggers DMF has not yet been identified; this situation makes treatment a daunting task. Research into the mechanisms related to DMF is crucial for exploration of therapeutic targets as well as for prevention and postponement. Studies have confirmed that alleviation of oxidative stress is important for successful management of DMF .
Human glutaredoxin 1 (Grx1) performs a wide range of antioxidant, anti-inflammatory, and antiapoptotic functions in the body. It is also involved in the regulation of various cellular functions, maintains a stable cellular redox state, produces a reducing environment within the cell under varying environmental conditions, and is involved in the pathogenesis of many diseases including diabetes and heart disease (Lekli et al., 2010; Chen et al., 2013a; De Benedetto et al., 2014; Du et al., 2014) . In a physiological state of the cytoplasm, NADPH, GSH, GR, and Grx1 constitute the Grx1redox system, which reduces the oxidation state of proteinglutathione mixed disulfides (PSSG) in vivo and regulates post-translational modifications of thiol-containing proteins. Due to accumulation of GSSG and a lack of GSH, oxidative stress or a lack of energy can promote the oxidation state of the Grx1 redox system (Allen and Mieyal, 2012; Ghezzi, 2013) . It was discovered that exogenous Grx1 has a significant protective effect against high-glucose-induced oxidative stress and apoptosis in the myocardium and vascular endothelial cells (Li et al., 2014; Zhang et al., 2014a,b) . Nonetheless, the mechanism underlying the Grx1-driven regulation and improvement of cardiac function in diabetes has yet to be explained. Our aim was to clarify the impact of inhibition of hyperglycemia by Grx1 on myocardial tissue and cells and its underlying mechanism. For this purpose, we used the blood of hyperglycemic patients, myocardial fibroblasts cultured under high-glucose conditions, and an animal model of streptozotocin (STZ)-induced type 2 diabetes to study the characteristics of myocardial damage caused by redox homeostatic changes during high-glucose treatment. In addition, we determined whether there is a protective effect against DCM due to functional changes in the endogenous Grx1 redox system or due to an intervention via exogenous Grx1. The goal was to clarify the molecular mechanisms of the protective effect of Grx1 against DCM in order to develop a novel method and theoretical basis for the prevention and treatment of DCM.
MATERIAL AND METHODS

Materials
Grx1 was purchased from ProSpec, Israel; carnosine was acquired from Sigma, USA; the ELISA kit for human and rat Grx1 determination was from Shanghai Wu Hao Economic, Ltd. The Redox Western blot kit (S7150) was purchased from Millipore; the antibodies against Grx1, GR, MMP-2, MMP-9, and p-NF-kB were acquired from Abcam, UK, and ECL Luminous Fluid from Thermo, USA. The T-GSH/GSSG test kit, glutathione S-transferase (GST), and total sulfhydryl (-SH) test kit were purchased from Nanjing Jiancheng, China, and the Mini RNA Isolation kit TM (R1030) and Titan TM One-Tube RT-PCR System from Roche.
Quantification of clinical indicators
We analyzed hyperglycemic patients with a new diagnosis (but not yet treated) in an endocrinology department of any affiliated hospital between October 2012 and August 2014. During the same period, the control group was assembled from healthy people of comparable age and gender after health screening. ELISA kits were used to determine the serum Grx1 and IL-22 levels. Commercial kits were used to determine the levels of GSH, GSSG, Total-SH, NO, and GST activity. Specific experimental procedures were conducted in strict accordance with the kit instructions.
Determination of total concentrations of myocardial collagen, inflammatory cytokines, and Grx1/GR protein A rat model of type 2 diabetes for research on diabetic cardiovascular diseases was established. One week after initiation of the model, blood was collected for quantification of the indicators under study. The diabetic animal model group showed significantly increased blood glucose, triglycerides, cholesterol, and LDL, all at P < 0.05. In addition, the model group also demonstrated reduced insulin levels and thus insulin resistance according to the results of a radioimmunoassay with an r-911 automatic RIA counter. The blood glucose level was greater than 400 mg/dL. At 3 and 6 months after initiation of the experimental diabetes, the heart tissues of the rats were collected for analysis of the indicators of myocardial fibrosis, inflammation, and oxidative damage using western blotting, RT-PCR, and histopathological methods. The myocardial hydroxyl acid level was used to assess the total amount of myocardial collagen. A portion of the left ventricular myocardium was fixed in liquid nitrogen for a myocardial hydroxyproline assay. The chloramine T method was used to determine the hydroxyproline content, which was converted into a hydroxyproline amount per gram of myocardial tissue and then multiplied by 7.46 to obtain the total amount of myocardial collagen. Another part of the heart tissue was fixed in a 4% neutral formaldehyde solution for quantification of Grx1/GR protein by immunohistochemical staining. After total RNA was extracted from the rat cardiac muscle, RT-PCR was used to detect the expression of proinflammatory cytokines TNF-a, IL-1B, and NF-kB p65. An ELISA kit was used to determine the blood Grx1 level, and the OxyBlot method was applied to quantification of the myocardial oxidative damage in the diabetic rats. A commercial kit was used to determine the oxidation degree of protein thiol groups (P-SH).
Cell culture, RT-PCR and western blots
The cardiac myocytes and primary cultured rat fibroblasts were cultivated in the DMEM medium with 10% of fetal bovine serum at 37°C and 5% of CO 2 . The experimental groups included the following: normal glucose (Glu) group (NC group, Glu concentration was 5.5 mM), high-glucose group (HG group, Glu concentration was 25 mM), Grx1 preprotection group (Grx1 + HG group, Grx1 was added to the final concentration of 5 mg/mL 6 h in advance), positive control carnosine (Car) preprotection group (Car + HG group, Car was added to a final concentration of 20 mM 6 h in advance), and Grx1 inhibitor cadmium (Cd 2+ ) group (Cd 2+ + HG group, CdCl 2 was added to the final concentration of 10 mM 6 h beforehand).
Cells were collected and lysed to extract proteins. The same amounts of protein samples were analyzed by SDS-PAGE. After the electrophoresis, proteins were transferred to a polyvinylidene difluoride (PVDF) membrane, which was later blocked with 5% nonfat dry milk, incubated with anti-Grx, anti-MMP-2, and anti-MMP-9 antibodies and a horseradish peroxidase (HRP)-labeled antibody, and the resulting signals were detected by means of the ECLplus kit. Meanwhile, Actin/GAPDH served as loading controls. A fluorescence and chemiluminescence imaging system (ChemiDocTMXRS, Bio-Rad) was employed to capture western blot images.
Polymerase chain reaction (PCR) conditions included the following: initial denaturation at 94°C for 5 min; denaturation at 94°-95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 30 s for a total of 25-28 cycles; then final extension at 72°C for 10 min and holding at 4°C. Agarose gel electrophoresis was used to analyze PCR products, and the images were captured by means of the gel imaging system. The results were analyzed in the Quantity One software. The integral optical density (IOD) value of each band was read, and the expression levels of molecules from inflammatory pathways were analyzed according to the IOD ratios of NF-kB, TNF-a, and b-actin bands.
Statistical analysis
All quantitative data were presented as mean ± SD and analyzed with the GraphPad Prism software, version 5.0. Student t-test was used to compare two group means.
RESULTS
Altered functions of the blood Grx1 redox system in diabetic patients
High-glucose-induced oxidative damage is a significant factor in the pathogenesis of diabetes. In this study, to explore the role of Grx1 redox system in the pathogenesis of type 2 diabetes, clinical samples were collected, the levels of serum Grx1, oxidative stress, and glutathione were measured, and the correlation between inflammatory factors and diabetes was then analyzed.
Analysis of clinical indicators showed that the hyperglycemic patients had elevated concentrations of Grx1 in serum (P < 0.05), in agreement with recently published data (Du et al., 2014) . However, the Total-SH concentrations were decreased (P < 0.05; Figure 1 ). The analysis also revealed that the hyperglycemic patients had increased GST activity, reduced GSH levels, and elevated GSSG levels (Figure 2 ). These results were indicative of elevated PSSG levels in the serum of hyperglycemic patients; this finding was consistent with numerous studies showing that PSSG levels in blood are elevated during active disease (Ghezzi, 2013) . This meant that Grx1 and Grx1-regulated protein oxidative modification or glutathione modification may be the molecular markers of diabetes induced by oxidative stress and inflammation due to increased blood sugar. Currently, the data analysis on the correlation between the variables associated with diabetes and Grx1 is still in progress. 
Functions of the Grx1 redox system associated with the process of myocardial fibrosis in DCM rats
Pathological changes associated with DCM include cardiac hypertrophy, interstitial fibrosis, and tissue necrosis. Myocardial fibrosis, including interstitial fibrosis and perivascular fibrosis, is a pathological feature of DCM (Asbun and Villarreal, 2006) ; therefore, the prevention and alleviation of myocardial fibrosis have become important goals in the treatment of DCM.
Hydroxyproline (Hyp) is an atypical amino acid in collagen, meaning that a collagen amount can be measured by determining the Hyp content. The quantification of Hyp content can accurately measure the overall level of collagen, which can be used to evaluate fibrotic lesions. To assess the effects of the myocardial Grx1 redox system of diabetic rats on the redox homeostasis of cardiac tissue, STZ and a high-fat diet were used to create a rat model of type 2 diabetes, which lasted for 12 weeks. Then, immunohistochemical analysis was used to detect the Grx1/GR protein expression levels in myocardial tissue, and an ELISA kit was used to determine the blood Grx1 level in the diabetic rats. Next, we employed the OxyBlot method to detect the oxidative damage to myocardial proteins, and commercial kits were utilized to evaluate the levels of oxidation using P-SH and Hyp, which works as an indicator of myocardial fibrosis. Finally, RT-PCR was applied to detection of the expression of inflammatory cytokines TNF-a, IL-1B, and NF-kB p65. The results showed that the DCMrelated pathological changes were associated with significant oxidative damage (represented by the functional change of the Grx1 redox system and the increased protein carbonyl levels) and inflammation (increased expression of TNF-a and PAI-1).
Results of testing of oxidative stress levels in myocardial tissue and in serum showed that, according to the immunohistochemical data, the Grx1 levels in the left ventricular myocardium of the diabetic rats were significantly higher than in the control group, and the glutathione reductase (GR) levels in the diabetic rats were significantly lower than those in the control group (p < 0.05; Figure 3A) . Radioimmunoassay results on blood Grx1 levels revealed that these levels in the diabetic rats were significantly increased (8.50 vs 6.37; P < 0.05; Figure  3B ), which was consistent with our results showing that Grx1 tends to be upregulated in the plasma of hyperglycemic patients. OxyBlot results revealed that the protein carbonyl levels in myocardial tissue (reflecting protein oxidative damage) were significantly increased in the diabetic rats (p < 0.01; Figure 3C ). The above data indicated that Grx1 plays a significant role in the development of diabetes and cardiovascular complications of diabetes.
In this study, the results on myocardial Hyp and changes in the total amount of collagen indicated that the total myocardial collagen content in the diabetic rats was significantly increased 4 weeks after the onset of diabetes, and the total myocardial collagen content in the diabetic groups after 12 and 24 weeks were significantly higher than in the healthy groups, suggesting that the proliferation of collagen began to manifest itself at the early stage of the experimental diabetes. Results of myocardial fibrosis assays suggested that the total collagen content in the left ventricular myocardium of the diabetic group (D group, n = 10; Hyp 5.3 ± 2.4 mg/g) was significantly higher than that in the control group (N group, n = 10; Hyp 2.8 ± 0.9 mg/g; P < 0.05; Figure 4A ). According to the relative quantitative RT-PCR results, the ratio of the gray values indicated that the expression levels of TNF-a and NF-kB in the rat myocardial tissue of the model group were significantly higher than those in the control group ( Figure 4B ). Characteristics of the oxidation-reduction system in diabetic rats (A) and dysfunction of the Grx1 system in diabetic rats (B). B. Concentration of Grx1 in rats' blood. C. The assay of oxidation-related proteins and protein carbonyl content. N = control group; D = diabetic group. Values are reported as means ± SD of three measurements from separate experiments; *P < 0.05; **P < 0.01 as compared with the control group.
Grx1 inhibited the expression of MMP-2 and MMP-9 in high-glucose-treated cardiac fibroblasts
Diabetes can cause blood pressure changes, increased incidence of coronary heart disease, and aberrant cardiac structure and function. DCM is a specific cardiomyopathy and represents the end stage of diabetic myocardial disease (Resl et al., 2009 ). Studies in the early 1980s confirmed that diabetic patients can have myocardial fibrosis. In our previous study, it was also shown that autophagy protein expression and collagen content are significantly increased in the left ventricular myocardium of diabetic rats, thus clearly indicating fibrosis. The duration of hyperglycemia and the severity of myocardial fibrosis were found to correlate positively (Tarquini et al., 2011) . By stimulating the overexpression of transforming growth factor (TGF), hyperglycemia and hyperinsulinemia promote the synthesis of ECM and deposition of fibrous tissue. Thus, by lowering the expression of TGF-b1 and by reducing the synthesis of collagen, which is the main component of ECM, it is possible to inhibit myocardial fibrosis in DCM rats and to slow the progression of DMF (Gandhi et al., 2013) .
Recently, Rajakumar et al. reported that high glucose levels can induce the expression of MMP-2 and MMP-9, which cause cardiac toxicity (Rajakumar et al., 2014) . To explore the effects of inhibition of Grx1 on the profibrotic consequences of high-glucose-induced oxidative stress, western blotting was used to analyze the protein expression levels of MMP-2 and MMP-9. The results ( Figure 5) showed that the expression levels of Grx1, MMP-2, and MMP-9 were all increased in cardiac fibroblasts in a time-dependent manner within 6 to 48 h. However, the increased protein expression levels of MMP-2 and MMP-9 induced by high glucose could be inhibited by Grx1, and this effect could be attenuated by the Grx1 inhibitor cadmium (Cd 2+ ). These results indicated that Grx1 can inhibit the process of myocardial fibrosis in DCM rats.
Grx1 inhibits activation of the NF-κB signaling pathway in high-glucose-treated cardiac fibroblasts
Studies have shown that upregulated ROS in myocardial cells, endothelial cells, and mesangial cells can promote the production of NF-kB, which plays an important role in immune and inflammatory responses and in apoptosis. Changes in the NF-kB signaling pathway are associated with chronic disorders such as DMF and atherosclerosis (Lorenzo et al., 2011; Tsai et al., 2012; Kuo et al., 2013) . NF-kB can be activated by external and internal factors, such as hyperglycemia, free fatty acids, ROS, TNF-a, and some other proinflammatory factors. TNF-a expression is significantly increased in diabetic patients, and studies have shown its involvement in the development of DMF. Research has also confirmed that overexpression of inflammatory cytokines (TNF-a, IL-1b) is not simply an epiphenomenon of DCM but is actively involved in the progression of diabetes-induced left ventricular dysfunction, and these expression levels significantly positively correlate with the severity of left ventricular dysfunction (Westermann et al., 2007a,b) . TNF-a not only further amplifies inflammatory signals by inducing other inflammatory factors (thus aggravating the myocardial inflammation reactions) but also has a negative inotropic effect on myocardial cells in a concentrationdependent manner. The latter phenomenon participates in the pathological processes of myocardial fibrosis and apoptosis. These changes lead to myocardial remodeling and left ventricular dysfunction (Sun et al., 2007) . To study the mechanism of the improvement of fibrosis by Grx1 and to obtain evidence for possible medical treatment, we confirmed that the activation of NF-kB and the increased expression of its downstream inflammatory cytokine TNF-a can be inhibited at the mRNA level by exogenous Grx1 (Figure 6 ). 
DISCUSSION
The incidence of diabetes has increased in recent years, and the reality of prevention and control is grim. An independent cardiac complication in diabetic patients, DCM is cardiac dysfunction in the absence of coronary artery disease and hypertension. Its incidence is high, and this pathology causes great harm. The pathogenesis of DCM is still elusive; it is thought to be related to a variety of factors including anomalies of glucose metabolism, lipid metabolism, and of energy metabolism in myocardial cells; myocardial fibrosis; oxidative stress; and cell death. Studies suggest that high blood glucose is a key initiating factor of DCM, which has the following two characteristics: glucose utilization problems in cardiac cells and damage to myocardial cells by the high blood glucose itself. Hyperglycemia has a direct toxic effect on myocardial cells and can induce production of large amounts of reactive oxygen and nitrogen species. Hyperglycemia can also stimulate the release of various cytokines and growth factors, thereby triggering myocardial oxidative stress and inflammation-related damage, which eventually leads to myocardial apoptosis and necrosis.
Long-term hyperglycemia causes a chronic, low-grade inflammatory state (Wen et al., 2013) . The duration of hyperglycemia positively correlates with the severity of myocardial fibrosis (Tarquini et al., 2011) . Myocardial hypertrophy and myocardial fibrosis can even occur in diabetic patients with mild hyperglycemia. Diabetes can induce production of ECM and the conversion imbalance of increased ECM synthesis and/or decreased ECM degradation, which causes excessive accumulation of ECM and can lead to myocardial fibrosis. Evidence shows that changes in ECM are associated with structural features of DCM (Yang et al., 2012) including increased levels of type I collagen and an increased ratio of type I/III collagen in DCM. Collagen degradation is a major cause of myocardial interstitial fibrosis in diabetes. Furthermore, cardiac MMP is a major regulator of matrix degradation, and increased activities of MMPs are associated with destruction and reconstruction of tissue architecture. The activities of pro-MMP-2 and MMP-2 are increased in DCM while MMP-9 activity shows only a tendency for an increase (Papazafiropoulou et al., 2010) , which is also accompanied by an increase in MMP-1 activity. A number of studies have shown that the TNF-a-induced activation of NF-kB and JNK/AP-1 signaling pathways and upregulation of MMP-9 expression can induce apoptosis in H9c2 cells and cardiovascular inflammation (Wu et al., 2013; Chen et al., 2013b; Yang et al., 2013) . In a diabetic state, elevated levels of cytokines (such as TGF-b1, TNF-a) and accumulation of free radicals of oxygen can promote the activation of MMPs. Excessive activation of MMPs often causes incomplete tissue degradation, which promotes migration of fibroblasts and fibrosis; these phenomena may be closely related to collagen metabolism disorders and heart failure associated with DCM (Yang et al., 2010) .
A recent study showed that NF-kB pathways are involved in the development and progression of myocardial fibrosis (Mariappan et al., 2010) . NF-kB is involved in the development of DCM by causing inflammation, oxidative stress, endothelial dysfunction, apoptosis, and myocardial fibrosis. In cultured cardiac fibroblasts, inhibition of NF-kB can suppress the proliferation of fibroblasts, thereby decreasing myocardial fibrosis (Wu et al., 2009) . Nonetheless, there are no targeted NF-kB-inhibitors (drugs); thus, the development of NF-kB-blocking drugs with high selectivity will likely become the new goal for the treatment of DCM. On the basis of the important role of NF-kB in the pathophysiology of DCM, the exogenous regulation of NF-kB activation may be an effective strategy against DCM.
Our analysis of clinical indicators revealed that in the serum of hyperglycemic patients, Grx1 concentration was elevated (P < 0.05), while total-SH content was reduced (P < 0.05). GST activity was increased, GSH content was decreased, and GSSG levels were increased, indicating that Grx1 and Grx1-regulated protein oxidative and glutathione modifications may serve as molecular markers of diabetes induced by oxidative stress and inflammation due to increased blood sugar. Animal studies have shown that in diabetic models, blood glucose, triglycerides, cholesterol, and LDL are all significantly elevated; insulin levels are significantly reduced; and insulin resistance becomes evident. There are also functional changes in the Grx1 system of left ventricular myocardial tissues in diabetic rats, in which the Grx1 levels were upregulated and GR and P-SH levels were downregulated in left ventricular myocardial tissue and blood. In myocardial cells, activated (reduced) Grx depends on GR, which is thought to be due to the inhibition of GR function and weakened functioning of the Grx system in diabetic rats. Because P-SH levels are reduced and the protein carbonyl groups, which reflect protein oxidative damage, are significantly upregulated, the weakened functioning of the Grx1 redox system is believed to be linked to enhanced protein oxidation. In addition, it was found that total collagen content of the myocardium in diabetic rats was significantly increased 1 month after the onset of experimental diabetes, indicating that the Grx1 antioxidant system is involved in the development and progression of DMF.
Our previous study (Li et al., 2014) revealed that exogenous Grx1 can alleviate oxidative stress and apoptosis in porcine coronary endothelial cells by activating the eNOS/ NO system and inhibiting the activation of JNK/NF-kB signaling pathways. This approach can also attenuate H9c2 cell apoptosis (induced by high glucose) by inhibiting the activation of caspase 8-or 3-mediated apoptotic pathways and JNK/c-Jun signaling pathways (Zhang et al., 2014b) . Nevertheless, there are few reports on the impact of Grx1 on myocardial fibrosis in high-glucose environments. Therefore, from the standpoint of the internal relations among signal pathways (and rules that govern them) and the factors related to myocardium remodeling in diabetic rats, we used RT-PCR and western blotting to measure the mRNA and protein levels of TNF-a and MMP-2/9. In addition, zymography was used to analyze the activity of MMP-9. These data provided a new theoretical basis for identification of Grx1's mechanism of action. This study seems to be the first to show that endogenous Grx1 is highly expressed in cardiac fibroblasts exposed to a high glucose concentration, and that exogenous Grx1 can significantly inhibit the expression of MMP-2 and MMP-9 in cardiac fibroblasts exposed to high glucose. These data suggest that the Grx1 antioxidant system is involved in the development and progression of DMF and has inhibitory effects on DMF. Additionally, it was found that the mechanism of Grx1-driven suppression of myocardial fibrosis (induced by high glucose) is related to the inhibition of NF-kB/TNF-a activation. This finding is consistent with the results of another research group (Gallogly et al., 2010) , who demonstrated that lowered Grx1 levels after siRNA transfection can reduce NF-kB genedependent transcription activity, and furthermore, to decrease the mRNA and protein levels of Bcl-2 and Bcl-xL, which are antiapoptotic target genes of NF-kB, thus increasing apoptosis of cardiac H9c2 cells. Moreover, our study showed that high-glucose-induced upregulation of TNF-a and MMP-9 mRNA, as well as the activity of MMP-9, can be inhibited by Grx1. These data are in agreement with a recent study involving high-glucose-triggered cardiac toxicity induced by the expression of MMP-2 and MMP-9 (Rajakumar et al., 2014) . Recent studies confirm that antioxidants antagonize high-glucose-induced myocardial apoptosis by inhibiting the activation of oxidative-stress-stimulated JNK/NF-kB signaling pathways (Kuo et al., 2013) . Our previous study also revealed that the mechanism -via which antioxidant carnosine attenuates high-glucose-induced myocardial cell apoptosis -is related to the inhibited expression of p-JNK/pc-Jun . Therefore, on the basis of existing lines of evidence, we can hypothesize that the Grx1 system not only inhibits the profibrotic action of oxidative stress but may also inhibit the profibrotic effects of NF-kB and inflammatory cytokines (such as TNF-a and IL-lb).
S-glutathionylation of proteins is an important means to regulate intracellular redox balance. As a sulfhydryl-disulfide bond oxidoreductase -by catalyzing the reduction of protein disulfide bonds, mixed disulfide bonds, and of glutathione protein (Pr-S-S-G) -the Grx1 enzyme regulates post-translational modifications of thiol-containing proteins including those in JNK/c-Jun signaling pathways (Allen and Mieyal, 2012; Bansal et al., 2013; Chen et al., 2013a; Lu and Holmgren, 2014) . One group recently reported that Grx1-mediated uncoupling of glutathione from IKKb Cys-179 plays a key role in diabetic complications by regulating the autocrine and paracrine actions of proinflammatory cytokines (Shelton et al., 2009 ). Grx1-mediated coupling of glutathione to NF-kB was found to perform a protective function in a vascular anti-inflammatory mechanism (Liao et al., 2010) . In a transgenic mouse model of chronic myocardial infarction (Adluri et al., 2012) , it was found that the overexpression of human Grx1 can increase the phosphorylation level of Akt and the DNA-binding activity of NF-kB, which promote angiogenesis and reduce ventricular remodeling, oxidative stress, and myocardial apoptosis. Therefore, diabetic cardiac fibrosis is determined by the interaction and balance among a variety of factors including oxidative stress. The specific mechanism and effects of the Grx1 redox system on the processes of DMF need to be studied further, including whether this mechanism is related to Grx1-mediated S-glutathionylation and whether synergy exists between the Grx1/GSH system and other endogenous antioxidants such as carnosine.
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